Complement component C1, the complex that initiates the classical pathway of complement activation, is a 790-kDa assembly formed from the target-recognition subcomponent C1q and the modular proteases C1r and C1s. The proteases are elongated tetramers that become more compact when they bind to the collagen-like domains of C1q. Here, we describe a series of structures that reveal how the subcomponents associate to form C1. A complex between C1s and a collagen-like peptide containing the C1r/C1s-binding motif of C1q shows that the collagen binds to a shallow groove via a critical lysine side chain that contacts Ca
2+
-coordinating residues. The data explain the Ca 2+ -dependent binding mechanism, which is conserved in C1r and also in mannan-binding lectin-associated serine proteases, the serine proteases of the lectin pathway activation complexes. In an accompanying structure, C1s forms a compact ring-shaped tetramer featuring a unique head-to-tail interaction at its center that replicates the likely arrangement of C1r/C1s polypeptides in the C1 complex. Additional structures reveal how C1s polypeptides are positioned to enable activation by C1r and interaction with the substrate C4 inside the cage-like assembly formed by the collagenous stems of C1q. Together with previously determined structures of C1r fragments, the results reported here provide a structural basis for understanding the early steps of complement activation via the classical pathway.
structural biology | innate immunity T he innate immune system targets invading microbes by recognizing pathogen-associated molecular patterns. One such innate defense is complement, which triggers lysis and opsonization of invading cells and stimulates inflammatory and adaptive immune responses (1) . In the classical pathway, a large multicomponent assembly (the C1 complex) binds to immune complexes, protein modulators (e.g., C-reactive protein), and polyanionic structures on pathogens to initiate complement activation. It is composed of a recognition subcomponent, C1q (460 kDa), and two serine protease subcomponents, C1r (90 kDa) and C1s (80 kDa) in a 1:2:2 ratio, with an overall molecular mass of ∼790 kDa. C1q has a bouquet-like structure assembled from six collagenous stems, each with a C-terminal globular head. Binding to pathogens induces a conformational change that drives activation of the zymogen proteases in stepwise fashion: C1r first autoactivates, then activates C1s (2). C1s subsequently cleaves substrates C4 and C4b-bound C2, to form the C3 convertase (C4b2a), the downstream component of the reaction cascade.
C1r and C1s are modular proteases each with two N-terminal complement C1r/C1s, Uegf and bone morphogenetic protein-1 (CUB) domains, separated by an epidermal growth factor (EGF)-like domain, followed by two complement control modules (CCP) and a C-terminal serine protease (SP) domain (3). In the absence of C1q, they form an elongated S-shaped heterotetramer with two central C1r polypeptides, linked via their catalytic domains (CCP1-CCP2-SP), each flanked by a C1s chain (4) . A clue to the likely mode of binding between C1r and C1s is provided by the crystal structure of the C1s CUB1-EGF fragment (5) and structures of two related proteases of the lectin pathway of complement: the CUB1-EGF-CUB2 domains of mannan-binding lectin-associated serine protease (MASP)-2 (6) and MASP-1/-3 (7), in which polypeptides are arranged as antiparallel X-shaped dimers. Residues at the interface are conserved in C1r, suggesting that C1r and C1s bind to each other in the same way.
Solution studies and electron microscopy show that the C1r-C1s tetramer folds up to form a relatively compact structure when it binds to C1q (8, 9); however, relatively little is known about the conformational changes that enable binding or how the resulting complex permits activation. Calcium plays a central role in the assembly and is necessary for binding of C1r to C1s and of the protease tetramer to C1q (10) . Recent work has identified separate binding sites for C1q in the CUB1 and CUB2 domains of C1r and in CUB1 of C1s, providing a total of six sites on a C1r-C1s tetramer, one for each collagenous stem (11, 12) . In this study, we have determined the structures of a series of fragments of C1s, including C1s bound to a collagen-like peptide from C1q and a tetramer that reveals how the proteases pack together at the center of the complex. Together, these structures show how subcomponents form the large C1 complex and explain important steps in the activation process.
Results
Structure Determination of the C1s-C1q Collagen Complex. C1q is assembled from three different polypeptide chains (designated A, B, and C; encoded by three closely related and clustered C1q genes) that combine to form six heterotrimeric subunits (13) . Despite the relatively low degree of conservation among higher vertebrates, the C-terminal half of the collagenous domain contains a hexapeptide motif in all species: Hyp-Gly-Lys-Xaa-GlyPro/Tyr/Asn (where Hyp is hydroxyproline), which mediates binding to C1r and C1s (14) . For cocrystallization, we designed a short collagen-like peptide containing the sequence Hyp-GlyLys-Leu-Gly-Pro at the center. We have shown that C1r and C1s recognize this sequence and that the lysine residue at the center of the motif is essential for binding (12) .
The CUB1-EGF-CUB2 region of C1s was produced in Chinese hamster ovary cells, and gel filtration revealed that it is a Ca 2+ -dependent dimer (Fig. 1A ). Crystals were grown from a mixture of C1s and peptide in the presence of Ca 2+ to enable binding. The asymmetric unit of the crystal contained a single complex, with the collagen bound to the CUB1 domain of C1s. The CUB1-EGF-CUB2 domains of C1s are arranged linearly with three Ca
2+
: one in each CUB domain and one within the EGF-like domain, near the CUB1-EGF junction (Fig. S1 ). Monomers associate to form an X-shaped dimer (Fig. 1B) through lateral association of the CUB1 and EGF-like domains about the crystallographic symmetry axis. The interface features a number of hydrophobic side chains with a total buried surface of 1,923 Å 2 (5) . There are no additional contacts from CUB2.
The C1s-C1q Collagen Interface. The three collagen-like peptides form a right-handed helix with a characteristic one residue stagger between adjacent strands. Each chain binds to C1s, with the leading, middle, and trailing strands accounting for 8, 47, and 45% respectively, of the buried surface of the collagen helix of 418 Å 2 (of a total of 836 Å 2 including both surfaces; Table 1 ). Key to the interaction is Lys15 of the trailing strand, which contacts the carboxylate groups of Glu45 and Asp98 and the hydroxyl and carbonyl groups of Ser100, three of the five residues that coordinate the Ca 2+ of CUB1 ( Fig. 1 C and D) . Additional contacts include hydrogen bonds between the hydroxyl group of Tyr52 of C1s and the backbone amide of Leu16 of the middle chain and water-mediated hydrogen bonds to the carbonyl of Gly14 and the backbone amide of Lys15 of the of the middle and trailing chains, respectively. In addition, a hydrogen bond connects Glu48 and the hydroxyl group of Hyp13 of the leading strand, and a water-mediated hydrogen bond links the hydroxyl group of Ser100 to the carbonyl group of Leu15 of the trailing chain. The remaining contacts are hydrophobic and include Phe99 stacking against Pro18 of the trailing strand and Tyr52 against the β-carbon of Leu16 of the middle strand.
The structure is compatible with previous mutagenesis data that highlight the importance of the lysine residue in the collagen and Glu45 and Asp98 in C1s, and explains the Ca 2+ dependence of binding (11, 12) . It shares a number of similarities with the complex between the CUB2 domain of MASP-1 bound to a collagen-like peptide of MBL of the lectin pathway (15) . In particular, both structures feature a lysine residue from the collagen binding to Ca 2+ -coordinating residues in the CUB domain. Remarkably, however, the orientation of the collagen helix differs by ∼90°in the two structures, highlighting the versatility of the binding arrangement, in which differences in the size and composition of two loops (L5 and L9) of the CUB dictate the orientation of the collagen helix (Fig. 2) . Binding residues are conserved in the CUB1 domains of C1r, MASP-1/-3, and MASP-2, indicating that the interaction mechanism is conserved in initiating complexes of the lectin and classical pathways (Fig. S2) .
Notably, only one of the lysine residues in the collagen forms contacts with C1s, yet the binding motif is present in all three chains of human C1q: A chain, OGK 59 VGY; B chain, OGK 61 VGP; and C chain, OGK 58 NGP. Recent mutagenesis data show that LysB61 and LysC58 are essential for binding, whereas LysA59 is less important, so it may not bind to C1r or C1s (16) . From the structure, it is not possible to determine whether the B or C chains of C1q contribute the lysine side chain, because the register of the collagenous domain of C1q is not known (i.e., which of the A, B, and C chains is leading, middle, and trailing). In addition, a valine from the B chain or an asparagine from the C chain at position 16 of the collagen could be accommodated into the binding groove of C1s (Fig. 1C) . Interestingly, in the MASP-1 CUB2-collagen structure, the key lysine projects from the leading strand of the collagen rather than the trailing strand. By analogy, the four CUB1 domains (two each from C1r and C1s) probably contact different lysine residues to the two CUB2 domains of C1r when the C1r-C1s tetramer binds to C1q, explaining why both LysB61 and LysC58 are essential for C1 complex formation.
Structure of the C1s Tetramer. The yield of recombinant C1r was very low (both full-length and the CUB1-EGF-CUB2 fragment), and we were not able to generate sufficient material for cocrystallization with C1s. Nevertheless, in the absence of collagen peptide, C1s crystallized to form a tetramer, which mimics the likely organization of C1r and C1s polypeptides in the C1 (Fig. 3 A and B) . The tetramer is a flat ring with an outer diameter of ∼120 Å. Two CUB2 domains from the outermost polypeptides project from opposite sides of the ring to give a maximum separation of ∼190 Å (between the two C termini). The structure is assembled from two X-shaped dimers linked via a connecting interface at the center. This interaction, in turn, is made possible by the unusual position of CUB2 in C1s, which is rotated by ∼55° (Fig. S1C ) compared with human MASP-1 and rat MASP-2, enabling it to pack against the CUB1 domain of its partner. Comparison with the collagenbound structure indicates that there are no major changes to C1s upon collagen binding. The unusual orientation of CUB2 is maintained through a network of interactions with the EGF-like domain (Fig. S1D) . The central C1s-C1s interface encompasses 1,148 Å 2 of buried surface, with a small hydrophobic core at the center, involving Ile58 of CUB1 and Phe232, Tyr235, and Pro241 of CUB2, surrounded by polar and charged residues (Fig. 3C) . Hydrogen bonds link the side chain of Thr62 with carbonyl oxygen of Pro24, the side chain of Asp61 with the amide of Gly233, and carbonyl oxygen of Asp61 with the hydroxyl of Tyr235. Reciprocal contacts are made via loop L9 of CUB2 (Fig. 3A) , which extends across a central gap in the tetramer to contact a loop in the EGF-like domain. In addition, there is overall charge complementarity, with the binding regions of CUB1 and CUB2 having net negative and positive charges, respectively. A C1s-C1s interaction at the center of the C1 complex has been predicted in previous molecular dynamics and modeling studies (11, 12, 17) but has not been observed directly. In the absence of C1q, the interaction must be weak because only C1s dimers are detected in solution (corresponding to the X-shaped dimers), but is stabilized when C1r-C1s tetramers bind to C1q, explaining how the elongated proteases form the compact structures observed in electron micrographs of the C1 complex (9).
Structural Organization of C1s. Previous attempts to crystallize fulllength C1s were unsuccessful. Structures of the catalytic domains of zymogen C1s (CCP1-CCP2-SP; PDB ID code: 4J1Y) (18) and of CCP2-SP of the activated enzyme have been determined (PDB ID code: 1ELV) (19) , but the way in which the N-and C-terminal domains are linked together is not known. To address this question, we characterized two fragments encompassing the CUB2-CCP1 junction: CUB2-CCP1 and CUB2-CCP1-CCP2. These fragments were produced in Escherichia coli and refolded from inclusion bodies. Both fragments were crystallized and structures were refined to 2.0 Å and 2.9 Å, respectively (Table  S1 ). The three domains are arranged linearly, with the CUB1-CCP1 junction stabilized through an extensive interface involving hydrophobic interactions, hydrogen bonds, and a salt bridge (Fig.  S3B) . The position of the CUB2 and CCP1 domains is similar in both structures with a rmsd of 1.6 Å over 183 C-α atoms (Fig.  S3C) . The CCP1-CCP2 interface also has a hydrophobic component, but the CCP2 domain is rotated by ∼30°in comparison with the structure of zymogen C1s (Fig. S3C ) (18) , suggesting some flexibility at the CCP1-CCP2 junction.
Combining all of the structures of C1s reveals an extended L-shaped architecture with the base and stem formed from the CUB1-EGF-CUB2 and catalytic domains, respectively (Fig. S3D) . The domain interfaces are all well-defined and overlapping structures superimpose closely suggesting little flexibility overall; the exception being the CCP1-CCP2 junction, which is likely to permit some movement, as discussed above. The configuration of the zymogen and active forms of C1s is also similar. Although activation leads to changes within the SP domain itself, its relationship with the CCP2 domain remains the same (rmsd of 1.9 Å for 289 C-α atoms over the two domains) (19) . To verify that the assembled structure reflects the solution configuration of C1s, sedimentation coefficients were calculated from the atomic coordinates of the monomer and the (X-shaped) dimer. Calculated values of 4. 
Discussion
Combining the structures described here with existing structures of the catalytic domains of C1r reveals a comprehensive picture of the C1 complex and the changes that must occur during activation. The center is formed from the CUB1-EGF-CUB2 domains of the proteases that together form a ring-shaped tetramer, with C1s polypeptides innermost. The six collagenous stems of C1q are arranged around the outside of the ring (Fig. 4A) . Upon extension to their full length, they converge close to an interruption in the collagen-like domain, often called the C1q kink (Fig. 4C) . The structure is thus entirely compatible with the bouquet-like architecture of C1q observed by electron microscopy (21) . Surprisingly, C1s is located entirely within the cage-like structure formed by the collective collagenous stems of C1q (even allowing for flexibility at the CCP1-CCP2 junction of C1s). The two central C1s polypeptides curve upwards to form a U-shape with the protease domains at the tips of the U, and the catalytic sites point inwards toward the center of the complex (Fig. 4A) . Their central position would ensure that they are protected from other serum proteases before activation, which could potentially trigger adventitious activation. No structure is available for the N-terminal domains of C1r. However, it has the same modular structure as C1s (with ∼40% identity) and C1q binding residues are conserved (Fig. S2) , so the overall architecture and mode of binding to the collagenous stems is likely to be the same. Indeed, in the absence of C1r, two C1s dimers bind to C1q, which although nonfunctional, because C1r is required to activate C1s, maintains the overall stoichiometry of the complex (22) . -coordinating residues in the CUB domains together with a tyrosine residue, which contacts the collagen in each structure. However, the orientation of the collagen helices differs by ∼90°. Glu48 of loop L5 and Glu102 in loop L9 of C1s sandwich the collagen helix creating the shallow binding groove. Glu102 and other residues in loop L9 prevent binding in the alternative (horizontal) orientation through steric clashes. Loop L5 is longer in MASP-1 than in C1s and contributes toward binding via His218, which forms hydrogen bonds to the collagen, and blocks binding in the alternative (vertical) orientation (e.g., through Glu220, which would clash with the collagen chains).
The position of the subcomponents in the fully assembled complex suggests a simple mechanism for steps leading to protease activation. The catalytic domains of C1r fit between the arms of C1s, without any steric clashes (Fig. 4B) . In the preactivated complex, these domains form a head-to-tail dimer that can be connected to the N-terminal fragments by rotation of the CUB2 domains of C1r (Fig. 4B) (19) . Upon target recognition, splaying apart of the two C1q stems bound to the CUB2 domain of C1r would cause the SP domains to separate; repositioning of the CUB2 domains back to their resting positions would align the SP domains so that one protease can catalyze the cleavage of its partner (and vice versa). Once activated, each C1r arm can access the zymogen cleavage site of C1s, located on the back of the SP domain (Fig. 4A) . C1r is much more flexible than C1s (23) , and flexibility about the CUB2 domain in particular is likely to permit the necessary conformational changes that trigger activation of the C1 complex.
Recognition of C4 involves an extended binding site encompassing both CCP modules and the SP domain itself (24) . Overlaying the structure of the homolog MASP-2 bound to C4, shows that C4 fits inside the cage-like structure where catalysis could subsequently occur (Fig. 4C) . Although C4 can still pass between the stems of C1q, the enclosed environment would help to ensure that its product, C4b, attaches to the activating surface close enough to allow subsequent proteolysis of C2 once bound to C4b, thus facilitating coordinated activation of the reaction cascade.
Materials and Methods
Protein Production and Crystallization. The collagen peptide Ac(GPO) 4 -GKL-(GPO) 4 NH 2 was made by Generon Ltd. The CUB1-EGF-CUB2 fragment of C1s incorporating a C-terminal hexahistidine tag was produced in Chinese hamster ovary cells and purified by affinity chromatography on a nickelSepharose affinity column as described (12) . Protein was purified further by gel filtration on a Superdex 200 16/60 column (GE Healthcare) in 20 mM Tris at pH 7.5, 50 mM NaCl, and 2 mM CaCl 2 and was concentrated by filtration using a 10-kDa molecular mass cutoff membrane (Amicon) before crystallization.
The CUB2-CCP1 and CUB2-CCP1-CCP2 fragments of C1s were produced in E. coli and refolded from inclusion bodies. Briefly, the cDNA were amplified by PCR and cloned into the NcoI and EcoR1 restriction sites of expression vector pET28a. Cells were grown in Power Prime broth (Molecular Dimensions), induced during midlog phase with IPTG (1 mM), and harvested after growth at 37°C for an additional 16 h. Inclusion bodies were isolated and protein refolded as described (23) . Proteins were purified initially by ion exchange chromatography on a 10-mL Q-Sepharose column, using a 0.05-1 M gradient of NaCl in 20 mM Tris·HCl at pH 8.0; followed by gel filtration on a Superdex 75 16/60 column (GE Healthcare) in 20 mM Tris at pH 7.5 containing 50 mM NaCl and 2 mM CaCl 2 . All crystals were grown by using the sitting-drop vapor diffusion method by mixing equal volumes (1.2 + 1.2 μL) of protein and reservoir solution. Crystals of the C1s-collagen complex were grown from a mixture of C1s (3.5-5 mg/mL; 0.1-0.15 μM) containing trimeric peptide (0.5 μM) mixed with 20% (vol/vol) PEG 3350, 50 mM Tris·HCl at pH 8.5, and 100 mM NaBr. Similar conditions were used to crystallize C1s alone, except that the concentration of NaBr was 200 mM. The CUB2-CCP1 (5 mg/mL) was crystallized in 20% (vol/vol) PEG 10000 in 100 mM Tris·acetate buffer at pH 8.0, containing 200 mM KH 2 PO 4 and the CUB2-CCP1-CCP2 fragments in 24-30% (vol/vol) PEG 8000 containing 100 mM Bis-Tris propane·HCL at pH 6.3 with 200 mM potassium citrate. All crystals were transferred to reservoir solution containing 20% (vol/vol) glycerol before storage in liquid nitrogen and were maintained at 100 K during data collection.
Diffraction data were collected at Diamond Light Source and were processed with iMosflm. Phases were determined by molecular replacement with Phaser (25) using the MASP-2 CUB1-EGF-CUB2 (6) and Gly-Pro-Hyp collagen peptide (26) structures as search models. Models were optimized by using cycles of manual refinement with Coot and refinement in Refmac5 (27) , part of the CCP4 software suite (28) , and in Phenix (29) .
Calculation of Predicted Sedimentation Coefficients. The predicted sedimentation coefficients of the assembled C1s monomer and dimer were calculated from the atomic coordinates, using the program HYDROPRO (30) .
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